Our results may bring about new possibilities of media-independent optical activity to other transverse waves ranging from radio to optical frequencies.
INTRODUCTION
Optical activity (OA), referred to rotatory polarization, is the ability to rotate the polarization of light along the propagation direction. It was discovered at the beginning of the 19th century and is now being extensively studied due to its important applications in analytical chemistry, biology, and crystallography.
Traditionally, it was considered that OA occurs in the media including chiral molecules, such as sucrose, quartz, and some protein molecules with helical structure.
The chiral structures of molecular units, associated with the mirror asymmetry, are considered crucial in exciting OA. In recent years, several types of media with strong chirality have been artificially constructed with metamaterials, and offer broadband and nondispersive characteristics, or gigantic polarization rotatory power [1] [2] [3] [4] [5] . Yet it is demonstrated that the non-chiral metamaterials can also perform the effect of OA, by introducing extrinsic chirality with oblique incidence 6, 7 , or by manipulating the phase difference between the two circularly polarized components 8 . In principle, OA is considered a product of circular birefringence, relying much on the optically active materials. Apart from the OA in bulk media and thin metamaterials, the circular birefringence can be artificially manifested from the topological Berry phase in helical coiled monomode optical fibers [9] [10] [11] , according to the spin-orbit interaction of photons during trajectory variation 12 . With this revelation, the OA is effectively induced in optical fibers with other twisted structures likewise [13] [14] [15] .
The polarization rotation is irrelevant to the incident direction of light in the chiral media, or even metamaterials with chiral structures 1, 3 . Such reciprocity owes to the linear field-matter interaction permeated in physics wildly. To break the reciprocity, magneto-optical materials subjected to magnetic fields are generally used.
Such non-reciprocal OA is known as Faraday effect 16 , and can be enhanced in magneto-optical waveguides 17, 18 and magneto-plasmonic photonic crystal 19 . It provides the basis of non-reciprocal components such as isolators, gyrators, and circulators, and enable the applications in wireless communication and all-optical information processing [20] [21] [22] [23] .
Until now, the reported OAs are realized by light-matter interaction in specific materials or setups, which suffer limitations in some applied fields. Hence, lifting the restriction of media on OA is significant to expend the application range. Thus far, there have been no reports that free space can support the circular birefringence to generate OA, to the best of our knowledge. Here we propose a solution with spinorbital interaction based on the theories of Gouy phase shift and Pancharatnam-Berry phase. A specific liquid crystal (LC) conical-wave plate (CWP) is designed to realize the circular birefringence of Bessel beam in free space. After passing through the CWP, a linearly polarized Bessel beam exhibits non-reciprocity polarization rotation as it travels in free space (see Fig. 1 ). Namely, it is transformed into a beam with OA which possesses power to rotate the polarization plane by itself. The optical rotatory power is dependent on the radial wave vector k of Bessel beam and the radial frequency k of the CWP, and can be enhanced or declined via specific optical elements. Moreover, we demonstrate the response of the OA to an index change, and the capability of forming non-reciprocal optical components such as polarization rotator, isolator, and circulator.
Results

Circular birefringence in free space
To realize the OA in free space, we first achieved the phenomenon akin to circular birefringence which offers a phase difference of spin states of light (circular polarizations) during propagation. As a matter of fact, the variation in free-space propagations of different spin states is manifested in the isotropic inhomogeneous medium or structures by spin-orbital interaction 24, 25 as the form of, for example, spin
Hall effect [26] [27] [28] , spin-controlled shaping 29, 30 , and spin-directional coupling [31] [32] [33] . One effective technique to realize and even enhance the spin-orbital interaction of light is exploiting the Pancharatnam-Berry phase arising in polarization manipulations [34] [35] [36] .
An enhanced spin-orbital interaction enables a great variation between the wave vectors of the two spin states, which guides the modulation of the orbital angular momentum.
Here, we introduce a specially designed Pancharatnam-Berry phase element, LC conical-wave plate (CWP, see Methods), to generate a spin-dependent bifurcation of phase velocity decided by the longitudinal wave vector. This element can be considered as a half wave plate with its local fast axes arranged conically. Namely, the orientation angle meets =-k/2, where k is a constant describing the frequency of which is changing in a perfectly linear fashion. The pink solid line in Figure 2e shows the data fitting, where the slope (i.e. the specific rotation ) is measured 1.117°/mm, coinciding well with the theoretical prediction.
Non-reciprocity
The polarization rotation orientation in an active medium depends on the chirality of the molecule. Generally, a given medium shows reciprocity that light merely behaves dextrorotation or levorotation independent of the propagation direction. While for 
Optically active beam
The above OA can be considered as an intrinsic nature of this type of Bessel beam.
Once the beam is exported from the CWP, the wave packet will never be restrained in free space, and its further evolution thereafter just depends on its internal parameters such as complex amplitude and polarization. In another word, this Beam itself has the optical rotatory power, and can be termed optically active beam (OAB).
Actually, the OAB is expressed by the interference of two Bessel spin states with different radial wave vectors (see Methods, rather than Equation (1) in the approximation applied for the paraxial region), and its polarization is not exactly a uniform linear one. It has the hybrid elliptical polarization with radially varied ellipticity and constant orientation, which integrally rotates with propagation distance as shown in Figure 3 . When the OAB is extinct via an analyzer, only the central energy is entirely eliminated, while a few of the surrounding one is survived.
Due to the Bessel profile, the OAB performs the same propagation dynamics as that of Bessel beam, such as non-diffraction and self-healing properties.
Control of rotatory power
There are two key parameters deciding the appearance of the OAB: the radial wave vector k of input Bessel beam and the radial frequency k of CWP, mainly determining the complex amplitude and polarization profiles, respectively. The Figure 4a depicts the measured specific rotation versus k and k, and shows conformity with the expected conclusion above. Although the approximation applied for the condition k<<k<<k in Equation (1) seems to restrict the upper limit of the rotatory power, the polarization rotation is always workable on the propagation axis (=0) when k and k is largely increased. As a result, the specific rotation can be greatly magnified with micrographics. Interestingly, the rotatory power still can be adjusted even the OAB is already formed, by employing a special optical element, such as beam expander, axicon, and CWP (see 
Response on refraction index
Although the OAB is realized in air medium in the above experiments, it is also possible to exist in other non-active isotropic media, which is considered a free space, too. In a medium with refraction index n, the OAB only changes its wave number, and thus the specific rotation is expressed as 
Polarization rotator, isolator and circulator
The most widely used implementation of non-reciprocal OA is the Faraday rotator, the key component of isolator and circulator. The proposed free-space OA also has the capacity to form a polarization rotator own to its non-reciprocity. The biggest issue, however, is that the polarization would be rotated without stopping as propagation because of the intrinsic OA of the beam. To unload the OA, another CWP same as that used to generate OAB has to be utilized (Figure 6a ) with the purpose to slow the polarization rotation down to zero (see Methods). We experimentally verify Although the proposed isolator and rotator cannot provide good isolation in the present, they theoretically offer a potential possibility for exploring novel applications of the nonreciprocal OA without media.
Discussion
The proposed OA is also applicable to the higher-order Bessel beam or even vector
Bessel beam, which has the same Gouy phase shift as the zero-order one. As a result, we can also generate the OAB with higher-order (or even vector) Bessel profile 44, 45 , of which the specific rotation is the same as that discussed above.
In conclusion, we demonstrated a method to possess a light beam with OA for the first time, so that polarization rotation of beam occurs in free space without requiring any active media and specially designed materials or setup. The sensibility of polarization rotation on the refractive index is further demonstrated. The OA of the beam can be selectively switched on or off by a CWP, which supports the nonreciprocal polarization rotation. This provides possibility to explore the medium-free non-reciprocal elements such as isolator and circulator.
Methods
Theoretical formulation of polarization rotation of Bessel beam
Since the CWP is considered as a half wave plate with space-variant fast axes -k/2, its transmission matrix is expressed as
The CWP has different responses for the two orthogonal circular polarizations.
For an incident wave with circular polarization, the corresponding output fields are 
The right-and left-handed polarization components of the field passing through the CWP acquires a phase difference
where k'=( k0 2 -k+ 2 + k0 2 -k-2 )/2. Under an actual condition of k<<k <<k0, the approximation k'≈k0 can be deduced. This indicates that a birefringence-like effect occurs for the two circular polarizations.
Ignoring the common phase terms, the output field is the coherent superposition of two Bessel beams with different radial wave vectors and circular polarizations
In the paraxial region, ifk is small enough, the approximation J0(k+)≈J0(k-)≈J0(k) (see Figure 4a where k=0.1k) can be applied, then the output field is given by Equation (1).
Fabrication of conical-wave plate
To experimentally demonstrate the OA of Bessel beam, we fabricate the proposed CWP in a typical birefringent material LC. A photoalignment technique based on sulfonic azo-dye SD1 and dynamic micro-lithography 39, 40 is employed to obtain the LC CWP. As shown in Figure 7a , the LC cell is composed of two pieces of SD1-coated indium-tin-oxide (ITO) glass substrates and nematic LC E7. The photoalignment agent SD1 tends to reorient its absorption oscillators perpendicular to the polarization direction of the illuminated UV light, and then guides the LC director by intermolecular interaction 41 . Via a multi-step partly-overlapping exposure process 42 
Magnification of specific rotation
The specific rotation can be magnified by optical elements including beam expander, axicon, and CWP, etc. This magnification is essentially imposed to the radial wave 
where k'±=k±(k-k1), and '=Gouy(k'-)-Gouy(k'+). Thus the specific rotation can be deduced as [']=[(k,k1-k)], and the magnification M=k1/k-1. Here, a minus magnification means that the rotating direction is reversed. It is important to note that when k1=k, the magnification is zero, showing that no polarization rotation happens. Namely, the OA of the beam can be eliminated by employing a same CWP as that used to generate the OAB.
